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Abstract
Background: Vitamin D deficiency and related metabolic bone diseases in pet rabbits have been intermittently
debated. In human research, the parathyroid hormone concentration in relation to the 25-hydroxyvitamin D
concentration is used to determine vitamin D deficiency. Thus, this study aimed to identify the breakpoint in the
25-hydroxyvitamin D concentration indicating a significant change in the parathyroid hormone concentration in
139 pet rabbits. An enzyme immunoassay kit was used for 25-hydroxyvitamin D analysis and the intact parathyroid
hormone (PTH 1–84) immunoradiometric assay kit for parathyroid hormone analysis. The mid-tibial cortical bone
density was measured using peripheral quantitative computed tomography. A segmented linear regression analysis
was performed, with the 25-hydroxyvitamin D concentration as the independent variable, and parathyroid
hormone, ionised calcium, total calcium, inorganic phosphorus concentrations and the mid-tibial cortical density as
the dependent variables.
Results: The breakpoint for the parathyroid hormone concentration occurred at a 25(OH)D concentration of 17 ng/
mL, whereas the cortical bone density breakpoint occurred at a 25-hydroxyvitamin D concentration of 19 ng/mL.
No breakpoints were found for ionised calcium, total calcium or phosphorus.
Conclusions: These results suggest that a serum 25-hydroxyvitamin D concentration of 17 ng/mL serves as the
threshold for vitamin D deficiency in rabbits. Nearly one-third of the rabbits had a serum 25-hydroxyvitamin D
concentration below this threshold. Concerns persist regarding the high prevalence of vitamin D deficiency in pet
rabbits and the possible health consequences caused by a chronic vitamin D deficiency, including the risk for
metabolic bone diseases.
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Vitamin D deficiency, Metabolic bone disease
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Background
Vitamin D deficiency and the existence of related meta-
bolic bone diseases in pet rabbits are topics of intermit-
tent debate [1–5]. The question regarding the existence
of metabolic bone diseases arose 20 years ago following
a study regarding the aetiology of dental disease,
whereby dietary hypocalcaemia and hypovitaminosis D
were suspected as causal factors [6]. Subsequently, find-
ings that hutch rabbits with dental disease had a higher
parathyroid hormone (PTH) and a lower total calcium
(Ca) concentration compared to healthy rabbits in free-
range conditions advanced that theory [7].
Maintaining a skeletal calcium balance is the most im-
portant function of vitamin D, along with the important
role played in many other metabolic functions as well.
Vitamin D deficiency is associated with an elevated PTH
concentration, which increases calcium reabsorption and
phosphorus excretion in the renal tubulus, and the con-
version of 25-hydroxyvitamin D (25(OH)D) to active
1.25-dihydroxyvitamin D in the kidneys. In addition,
1.25-dihydroxyvitamin D increases active calcium ab-
sorption in the intestines and stimulates osteoclastic
bone resorption, releasing calcium from the bone to
serum. In human research, PTH concentrations in relation
to the 25(OH)D concentration commonly serve to evalu-
ate vitamin D deficiency levels [8–10]. Because calcium
absorption in the intestines is vitamin D-dependent in
humans and many other mammals, vitamin D deficiency
appears to reduce the serum calcium concentration lead-
ing to increased PTH concentrations. Furthermore, the
25(OH)D concentration, where the PTH concentration
begins to increase or no longer decreases, may mark vita-
min D deficiency [11]. Calcium absorption is primarily
passive in rabbits, although higher PTH concentrations
occur more frequently in vitamin D deficient rabbits than
in control rabbits [12, 13].
Twenty years after the first studies proposing vitamin
D deficiency as a common problem in pet rabbits, stud-
ies focusing on vitamin D deficiency and possible
vitamin D deficient levels remain lacking. This study,
therefore, aimed to determine the breakpoint in 25-
hydroxyvitamin D concentration linked to changes in
the parathyroid hormone concentration in pet rabbits.
We also studied whether similar breakpoints exist when
the 25(OH)D concentration is compared to several bone
biomarkers and the bone density. Significant breakpoints
may indicate disturbances in calcium and bone metabol-
ism and provide a clinically useful threshold value to
evaluate the risk for metabolic bone disease.
Results
Table 1 summarises the clinical and biochemical charac-
teristics of the rabbits. The mean 25-hydroxyvitamin D
concentration was 25.9 ng/mL and the mean serum
parathyroid hormone concentration was 14.8 pg/mL.
PTH concentration was below limit of detection in 8
samples. Table 2 shows the univariate correlations be-
tween biochemical characteristics and rabbit’s age and
weight. The 25(OH)D concentration correlated signifi-
cantly with PTH (r = -0.19, P = 0.028) and with body
weight (r = 0.20, P = 0.022). PTH concentration corre-
lated significantly with ionised calcium (iCa) (r = -0.26,
P = 0.008). Cortical bone density correlated significantly
with iCa (r = 0.46, P < 0.001), inorganic phosphorus (P)
(r = -0.30, P = 0.009), age (r = 0.32, P = 0.007), and weight
(r = 0.32, P = 0.006). Total calcium correlated
significantly with ionised calcium (r = 0.60, P < 0.001).
Inorganic phosphorus correlated significantly with age
(r = -0.37, P < 0.001).
The breakpoint in the 25(OH)D concentration indicat-
ing a significant change in the PTH concentration oc-
curred at 17 ng/mL (Fig. 1a). Furthermore, the serum
25(OH)D concentration was below this threshold in 37
(26.6%) rabbits. The mean PTH concentration was
6.3 pg/mL (SD ± 9.6) in rabbits with a 25(OH)D concen-
tration below 17 ng/mL and 4.0 pg/mL (SD ± 5.9) in
those with a 25(OH)D concentration 17 ng/mL or
higher. The estimated effect size in the PTH
Table 1 Descriptive data on the age, weight, serum 25-hydroxyvitamin D, parathyroid hormone, total calcium, inorganic
phosphorus, ionised calcium and mid-tibial cortical bone density of pet rabbits
Parameter na Mean SD Range
Age (years) 134 2.7 2.0 0.1–9.3
Weight (kg) 133 2.4 1.2 0.3–6.2
25-hydroxyvitamin D (ng/mL) 139 25.9 11.7 4.5–67.5
Parathyroid hormone (pg/mL) 139b 4.8 7.6 < 0.5–49.1
Total calcium (mmol/L) 134 3.65 0.19 2.9–4.0
Ionised calcium (mmol/L) 104 1.64 0.12 1.2–1.9
Inorganic phosphorus (mmol/L) 137 1.23 0.19 0.6–2.5
Mid-tibial cortical bone density (mg/cm3) 73 1392.5 81.4 926.2–1498.3
aNumber of rabbits
bPTH concentration below limit of detection (LOD) in 8 samples (mean 0.26, range 0.04—0, 4 pg/mL)
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concentration attributable to the breakpoint was 2.1 pg/
mL (95% CI -0.7–5.l). Neither body weight nor age ex-
plained this variation.
The breakpoint for the cortical bone density was found
at 19 ng/mL of 25(OH)D concentration (Fig. 1b). The
mean cortical bone density was 1382 mg/cm3 (SD ± 132)
in rabbits with a 25(OH)D concentration below 19 ng/
mL and 1398 mg/cm3 (SD ± 65) in those with 25(OH)D
concentration of 19 ng/mL or higher. The estimated ef-
fect size in the cortical density was 20 mg/cm3 (95% CI
-65–24). Both body weight and age significantly ex-
plained this variation.
No significant breakpoints were observed between the
25(OH)D concentrations and the ionised calcium, total
calcium or inorganic phosphorus concentrations
(Fig. 1c–e). The mean iCa, Ca and P concentrations
were similar in those rabbits with 25(OH)D concentra-
tion below 17 ng/mL and in those with 25(OH)D con-
centration 17 ng/mL or higher.
Discussion
In this study of 139 pet rabbits aged 0.1 to 9.3 years, the
25-hydroxyvitamin D concentration indicating a signifi-
cant change in the parathyroid hormone concentration
occurred at 17 ng/mL. Furthermore, these findings sug-
gest an almost identical breakpoint of 19 ng/mL for the
mid-tibial cortical bone density, signifying a plausible
level of vitamin D deficiency in pet rabbits. Accordingly,
25(OH)D concentrations below the observed breakpoint
appear to associate with a higher PTH level and a lower
cortical density. The breakpoint is slightly higher com-
pared to the 12 ng/mL observed in a large human study
of adults by Shah et al. (2017) [10], and similar to the
18 ng/mL observed in children aged 0.2 to 18 years by
Kang et al. (2017) [9]. Yet, Sai et al. (2011) found no
such breakpoint for 25(OH)D within the concentration
range of 6 to 60 ng/mL [8]. Breakpoints for some bone
markers (serum osteocalcin and urine N-telopeptides),
however, were found at a 25(OH)D concentration of
18 ng/mL [8].
The serum 25(OH)D concentration fell below the ob-
served PTH-related breakpoint in about 30% of the pet
rabbits we studied, suggesting that every third rabbit was
vitamin D deficient. The main function of vitamin D lies
in maintaining the skeletal calcium balance. Decreased
Table 2 Correlations between 25-hydroxyvitamin D (25(OH)D),
parathyroid hormone (PTH), ionised calcium (iCa), total calcium
(Ca), and inorganic phosphorus (P) concentrations, cortical bone
density (CortD), age and body weight
Variable PTH CortD Ca iCa P Age Weight
25(OH)D -0.19* 0.17 0.05 -0,01 0.05 -0.10 0.20*
PTH - -0.20 -0.16 -0.26** 0.14 -0.02 -0.11
CortBD - - 0.15 0.46*** -0.30** 0.32** 0.32**
Ca - - - 0.60*** -0.10 0.11 -0.06
iCa - - - - -0.19 0.08 0.05
P - - - - - -0.37*** -0.12
*p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 1 Scatterplots showing the relationships between the (a) serum
parathyroid hormone (PTH), b the mid-tibial cortical bone density, c
total calcium, d ionised calcium, e inorganic phosphorus, and the
serum 25-hydroxyvitamin D (25(OH)D) concentration. The vertical
line in A and B represents observed breakpoint in
25(OH)D concentration
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24(OH)D concentration correlates therefore with in-
creased PTH concentration which aims to maintain
serum iCa, Ca and P concentrations within the normal
physiological range. Although our results suggest high
percentage of vitamin D deficiency among the studied
pet rabbit population, biochemical parameters did not
give further evidence for clinical state of secondary
hyperparathyroidism in them. Shah et al. [10] reported
hypocalcemia in 6.1% and hypophosphatemia in 3.4% of
participants with vitamin D concentration below ob-
served breakpoint. Their human study population com-
prised 11,855 participants so it is possible that our
sample size lacked statistical power to reveal the pres-
ence of clinical hyperparathyroidism. Further research is
needed on long-term effects of chronic vitamin D defi-
ciency on rabbits’ bone health. Yet, vitamin D also plays
an important function in many other metabolic func-
tions. For instance, vitamin D carries anti-inflammatory
and immunomodulatory effects; in humans, a deficiency
is linked to several common health disorders including
cardiovascular diseases, cancers, asthma, allergies and re-
spiratory infections [14–22]. The threshold for a severe
vitamin D deficiency in humans occurs at 12 ng/mL, but
a minimum concentration of 30 ng/mL or even 40 ng/
mL is needed for optimal cellular health [14, 16]. The
vitamin D deficiency level observed in this study of pet
rabbits is based on optimising bone health. Yet, further
studies are needed regarding the minimum vitamin D
level for optimal cellular health in pet rabbits or to de-
termine the possible link between vitamin D deficiency
and common health problems among them.
We observed no breakpoint for 25(OH)D concentra-
tions in relation to the Ca and iCa concentrations, which
agrees with results by Brommage et al. (1988) [13]. Fur-
thermore, this reflects the fact that calcium absorption
from the intestines occurs passively in rabbits and active
vitamin D-dependent absorption is needed only if the
dietary calcium level is low [23]. The calcium concentra-
tion in the rabbits in our study varied from 2.9 mmol/L
to 4.0 mmol/L. Only two rabbits had a calcium concen-
tration below 3.0 mmol/L, while three had levels over
3.9 mmol/L. The reference ranges of 1.51 to 4.26 mmol/
L for the calcium concentration in adult rabbits (5 to
7 month depending on the size of the rabbit breed) and
1.9 to 5.3 mmol/L in juvenile (8 weeks old) rabbits were
reported recently by Korn et al. (2018), without signifi-
cant differences between adults and juveniles [24].
Ranges for ionised calcium were respectively 1.45 to
2.52 mmol/L and 1.2 to 1.7 mmol/L with significantly
lower concentrations observed in juvenile rabbits [24].
Reported phosphate concentrations were 0.69 to
2.06 mmol/L in adults and 1.3 to 3.2 mmol/L in juvenile
rabbits with significantly higher concentrations in
8 weeks old rabbits [17]. Despite the wide age range of
our study, only four rabbits in our study were under
4 months old and therefore classified as juvenile and
none of the medium or large sized rabbits were under
7 months old.
Accordingly, none of our rabbits were calcium defi-
cient. The exact dietary levels of vitamin D, calcium or
phosphorus among our rabbits remain unknown [5].
The adult rabbit daily calcium requirement is approxi-
mately 500 mg [25], which they typically receive by
ingesting roughly 200 g of dry hay [26]. Rabbits need a
lot of calcium given their continuously growing teeth,
but may also receive calcium from their teeth due to
continuous wear. The importance of dental wear as a
source of calcium in rabbits has, however, remained un-
solved. The growth rate depends on the abrasiveness of
the diet [27]. Rabbits with a very abrasive diet, such as
through a hay-only diet, may have more rapid dental
wear and may, therefore, obtain much calcium from
dental tissue.
Only one previous study has reported the parathyroid
hormone concentration in 27 pet rabbits [7]. That study
used a second-generation immunoradiometric assay
(IRMA), which enjoyed wide use in PTH analysis among
humans and in many studies of experimental rabbits
[28–31]. However, manufacturing of this assay was dis-
continued with the introduction of third-generation
immunometric assays. Since then, no papers have intro-
duced PTH assays suitable for rabbit serum. Watson
et al. (2019) measured rabbit PTH using radioimmuno-
assay, but neither the details of the assay nor the results
related to it were published [4]. The approximately
3 years delay in PTH analysis of our samples was caused
by difficulties in search of a suitable analysis for rabbit
serum. The manufacturer of the presently used kit rec-
ommends using serum samples stored at -20 ºC within
2 months after sample collection. Regarding the litera-
ture, the long-term stability of PTH in serum samples
varies depending on the assay [32]. Reported maximum
stability for PTH in serum samples was at least 2 years
in -80 ºC and 5 years in—20 ºC [32, 33]. Our samples
were stored at -80 ºC.
The PTH assay kit was intended to be used for human
samples. The standard material as well as the one level
control was of human origin. The human control was
necessary to ensure that the assay itself was performing
correctly between sample batches and the laboratory
work was satisfactory. The use of a control material of
rabbit origin was restricted by the small volume of the
samples. Our possibilities for the validation of the assay
for rabbit serum was limited in dilutional parallelism
and intra-assay variability. The PTH assay tubes were
counted in three independent runs including standard
curves. Each run included batches of control and sample
tubes, which were handled at the same time (melting
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samples, pipetting antibody, incubating etc.). Every batch
did not include standard tubes. These three runs included
17 control results used for calculating inter-assay variability.
In terms of the validation parameters, the radioimmuno-
assay we used in this study was considered adequately suit-
able and valid for PTH analysis in rabbit serum.
The main challenges in our study pertain to the hetero-
geneity of the pet rabbit population studied and to sample
collection which was not unified at same time frame in all
samples to prevent effect of hormonal circadian rhythm.
This heterogeneity renders interpretation more difficult
compared to experimental studies of carefully chosen tar-
get groups in terms of the variability in diet and living
conditions as well as breed and age. On the other hand,
variation in age, breed and body sizes provide natural vari-
ation in the evaluated parameters which is useful when a
novel method is assessed. The lack of adequate informa-
tion on diet and living conditions is an apparent limitation
of this study. The inherent variability in data, however,
permits observation of low and high 25(OH)D concentra-
tions in family-owned rabbits and results represent more
the population met as patients in the veterinary clinics.
Conclusions
The association between the parathyroid hormone and
25(OH)D concentrations changed at 17 ng/mL, marking
the threshold for vitamin D deficiency in pet rabbits.
The breakpoint for the mid-tibial cortical bone density
at 19 ng/mL was similar to the proposed vitamin D defi-
ciency level. We found that one-third of our rabbits had
a 25(OH)D concentration below this threshold. Conse-
quently, concerns persist regarding the high prevalence
of vitamin D deficiency and its potential health conse-
quences amongst pet rabbits.
Methods
Animals and study design
The Animal Experiment Board of Finland (5562/
04.10.03/2011) approved this cross-sectional study of pet
rabbits. Three previous studies employing the same pet
rabbit cohort appear elsewhere [5, 34, 35]. In total, 174
family-owned pet rabbits (Oryctolagus cuniculus) partici-
pated in this study on a voluntary basis in 2012 and
2013. Amongst these, 139 (80%) rabbits were eligible for
this study after clinical and radiographic examinations.
Results of these examinations have been published previ-
ously [34]. We excluded rabbits with health disorders re-
quiring veterinary treatment.
The mean age of these 139 rabbits was 2.6 years (range
0.1–9.3 years, standard deviation [SD] ± 2.0), with data
missing in 5 cases; 72 (51.8%) rabbits were female (10
[13.9%] neutered) and 67 (48.2%) were male (31 [46.3%]
neutered). Rabbits represented 19 different breeds, the
most common of which were Dwarf Lop (n = 38, 27.3%)
and mixed breed (n = 37, 26.6%).
Data collection
For the blood sampling and bone density measurements,
rabbits were sedated with a subcutaneous injection of
0.1 mg/kg medetomidine and 5 mg/kg ketamine. Blood
samples taken via venipuncture from the cephalic or lateral
saphenous vein were collected into tubes coated with
(0.5 ml) and without anticoagulants (1 + 1 ml) as well as
into a lithium-heparin syringe (0.5 ml). After blood sample
collection, the plain tubes were immediately placed into an
ice bath and centrifuged at a relative centrifugal force of
1485 times gravity (x g) for 10 min using refrigerated cen-
trifuge (+ 4ºC). The serum was divided into two tubes, the
first of which was frozen at -80 °C for later use and the sec-
ond of which was used for biochemical analysis within 24 h
after sample collection. All analyses were performed in the
Central Laboratory of the Department of Equine and Small
Animal Medicine in the Faculty of Veterinary Medicine at
the University of Helsinki (Finland). 25(OH)D and PTH
analyses were performed during autumn 2015.
The right tibia was scanned using peripheral quantita-
tive computed tomography.1 For this study, the mid-
diaphysis cortical bone density (CortD in mg/cm3) was
determined as described previously [35].
After examinations, the effects of medetomidine were
reversed by a subcutaneous injection of 0.25 mg/kg
atipamezole.
Biochemical and serum 25-hydroxyvitamin D analyses
The total calcium and inorganic phosphorus concentra-
tions were determined using standard laboratory
methods. The ionised calcium concentration was ana-
lysed using a standard blood-gas analyser2 from a hepar-
inised syringe sample. The serum 25-hydroxyvitamin D
concentrations were determined from frozen samples
after melting using an enzyme immunoassay3 [5].
Parathyroid hormone determination
The rabbit PTH concentration was determined from fro-
zen serum samples after melting using a solid-phase
two-site immunoradiometric assay.4 This assay was pri-
marily designed for the measurement of PTH in human
serum or plasma, and was used according to the manu-
facturer instructions with slight modifications. The re-
agent and sample volumes were halved given the small
sample volumes available. However, the radioactivity
1Stratec XCT 2000 Research + , Stratec Medizintechnik GmbH,
Pforzheim, Germany.
2ABL800 Flex, Radiometer, Copenhagen, Denmark.
325-hydroxyvitamin D EIA kit AC-57SF1, Immonodiagnostic Systems
Holdings PLC, Tyne & Wear, UK.
4ELSA-PTH, CisBio Bioassays, Codolet, France.
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bound to the tubes was sufficient for gamma scintillation
counting.5 The two highest calibrators—480 and
1500 pg/mL—were excluded and two new calibrator
levels—namely, a low 5.0 pg/mL and 96 pg/mL—were
prepared by diluting the kit standard 50 pg/mL 1:10 and
480 pg/mL 1:5 with the zero plasma. Standards were
analysed in triplicate, while samples were analysed in du-
plicate as recommended in three assay protocol. We re-
port the results as the mean values. According to the
standard routine, the results were calculated using six
calibrator levels and four-parameter logistics fittings.
The linearity of the assay was evaluated by dilution.
One rabbit sample with a high PTH concentration was
serially diluted (1/2, 1/4, 1/12 and 1/36) with the zero
standard of the kit (Table 3). Triplicate analyses were
performed for each dilution. The observed-to-expected
ratios were calculated for the dilutions. The low limit of
detection (LOD) was determined from the repeated
measurements of the zero standard and calculated using
the mean and standard deviation (SD) of the blank mea-
surements (mean ± 3.3 SDs). The low limit of quantifica-
tion (LOQ) was set by a low PTH concentration rabbit
sample with a target imprecision of approximately 5%.
The PTH measurement was repeated six times and the
coefficient of variation (CV%) was calculated as a per-
centage of the SD from the mean value of the sample.
The precision of the assay was determined as the intra-
assay variability from duplicate measurements of 29
rabbit samples and as an inter-assay variability from 17
measurements from the human control of the assay kit.
PTH concentration range in these 29 rabbit samples was
3.5 to 49.5 pg/mL and were selected to represent all the
observed PTH concentrations of the samples.
In the linearity assessment, the observed mean PTH
concentrations were 103.4 pg/mL, 52.7 pg/mL, 16.6 pg/
mL and 5.4 pg/mL, respectively, representing 117.6%,
109.7%, 103.8% and 101.9% of the expected PTH con-
centrations. The dilutions of the rabbit samples showed
linearity over the studied range (R2 = 0.998). The LOD
was 0.5 pg/mL. The mean for the low PTH concentra-
tion sample was 3.3 pg/mL and the variability across six
measurements was 5.9%. The CV% was sufficient for
setting the LOQ at 3.3 pg/mL (3.0 pg/mL given in
the kit insert). The intra-assay CV% for the duplicate
measurements of the rabbit plasma samples with PTH
concentrations varying from 3.5 to 49.5 pg/mL was
7.7%. The inter-assay CV% of the human PTH con-
trol of the kit was 5.0% (38.1 ± 1.9 pg/mL, target
value 40 ± 6 pg/mL).
Statistical analysis
We performed first univariate correlation analyses and
determined Pearson correlation coefficients (r) between
25(OH)D, PTH, iCa, Ca, and P concentrations, cortical
bone density, age and body weight. Then we performed
segmented linear regression analysis6 using the
25(OH)D concentration as the independent variable, and
the iCa, Ca, P, PTH concentrations and mid-tibial cor-
tical density as the dependent variables. In the case of a
significant breakpoint detected, the values of the
dependent variables above and below (including the
breakpoint) were compared using the general linear
model,7 where body weight and age served as the covari-
ates. We set the level of significance to P < 0.05.
Abbreviations
Ca: Total calcium; CI: Confidence interval; CortD: Cortical bone density;
CV: Coefficient of variation; iCa: Ionised calcium; LOD: Limit of detection;
LOQ: Limit of quantification; P: Phosphorus; PTH: Parathyroid hormone;
SD: Standard deviation; UVB: Ultraviolet B; 25(OH)D: 25-Hydroxyvitamin D
Acknowledgements
We wish to thank Kirsi Laukkanen and Merja Pöytäkangas for performing the
25-hydroxyvitamin D and parathyroid hormone analyses at the Clinical Re-
search Laboratory of the Department of Equine and Small Animal Medicine
in the Faculty of Veterinary Medicine, University of Helsinki in Finland, and
Vanessa Fuller for language revision.
Author contributions
JM carried out study including the clinical and radiographic examinations,
bone density measurements, and drafted the manuscript. SS was responsible
for the laboratory analyses, assisted with the study designing and finalising
of the manuscript. HS analysed the data, assisted with designing of the
study, bone density measurements and finalising the manuscript. OLV
assisted with designing the study and finalising the manuscript. All authors
read and approved the final manuscript.
Table 3 Dilutional parallelism observed in rabbit serum samples for ELSA-PTHa kit
Dilution Measured (pg/mL) Expected (pg/mL) Measured/Expected (%)
1/2 103.4 96.1 107.6
1/4 52.7 48.1 105.6
1/ 12 16.6 16.0 103.8
1/ 36 5.4 5.3 98.2
aELSA-PTH, CisBio Bioassays, Codolet, France
5Wallac Wizard 3" 1480 Automatic Gamma Counter, Wallac Ltd,
Turku, Finland.
6The SegReg program (www.waterlog.info/segreg.htm). Accessed Aug
28, 2020.
7SPSS Statistics for Windows, Version 25.0. IBM Corp, Armonk, NY,
USA.
Mäkitaipale et al. BMC Veterinary Research          (2020) 16:403 Page 6 of 8
Funding
This study was supported in part by the Finnish Foundation of Veterinary
Research and the Helvi Knuuttila Foundation.
Availability of data and materials
The data and materials analysed during the current study are available from
the corresponding author on reasonable request.
Compliance with ethical standards
Ethics approval and consent to participate
The Animal Experiment Board of Finland (5562/04.10.03/2011) approved this
study. Participation in the study was voluntary and written consent of
participation was obtained from rabbit owners. Owners of the rabbits
received written information regarding the study via email, from the internet
web page of the study, and details of the study were also given orally.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1Department of Equine and Small Animal Medicine, Faculty of Veterinary
Medicine, University of Helsinki, P.O. Box 57, 00014 Helsinki, Finland. 2The
UKK Institute for Health Promotion Research, Kaupinpuistonkatu 1, 33500
Tampere, Finland.
Received: 28 April 2020 Accepted: 30 September 2020
References
1. Jekl V, Redrobe S. Rabbit dental disease and calcium metabolism - the
science behind divided opinions. J Small AnimPract. 2013;54:481–90.
2. Emerson JA, Whittington JK, Allender MC, Mitchell MA. Effects of ultraviolet
radiation produced from artificial lights on serum 25-hydroxyvitamin D
concentration in captive domestic rabbits (Oryctolagus cuniculi). Am J Vet
Res. 2014;75:380–4.
3. Watson MK, Mitchell MA. Vitamin D and ultraviolet B radiation
considerations for exotic pets. J Exot Pet Med. 2014;23:369–79.
4. Watson MK, Mitchell MA, Stern AW, Labelle AL, Joslyn S, Fan TM, Cavaretta
M, Kohles M, Marshall K. Evaluating the clinical and physiological effects of
long-term ultraviolet B radiation on rabbits (Oryctolagus cuniculus). J Exot
Pet Med. 2019;28:43–55.
5. Mäkitaipale J, Sievänen H, Sankari S, Laitinen-Vapaavuori O. Diet is a main
source of vitamin D in Finnish pet rabbits. J AnimPhysiolAnimNutr. 2019.
https://doi.org/10.1111/jpn.13120.
6. Harcourt-Brown F. Diagnosis, treatment and prognosis of dental disease in
pet rabbits. Practice. 1997;19:407–27.
7. Harcourt-Brown FM, Baker SJ. Parathyroid hormone, haematological and
biochemical parameters in relation to dental disease and husbandry in
rabbits. J Small AnimPract. 2001;42:130–6.
8. Sai AJ, Walters RW, Fang X, Gallagher JC. Relationship between Vitamin D,
parathyroid hormone, and bone health. J ClinEndocrinolMetab. 2011;96:
E436–46. https://doi.org/10.1210/jc.2010-1886.
9. Kang JI, Lee YS, Han YJ, Kong AK, Kim HS. The serum level of 25-
hydroxyvitamin D for maximal suppression of parathyroid hormone in
children: the relationship between 25-hydroxyvitamin D and parathyroid
hormone. Korean J Pediatr. 2017;60:45–9.
10. Shah S, Chiang C, Sikaris K, Lu Z, Bui M, Zebaze R, Seeman E. Serum 25-
hydroxyvitamin D insufficiency in search of a bone disease. J
ClinEndocrinolMetab. 2017;102:2321–8.
11. Ross AC, Taylor CL, Yaktine AL, Del Valle HB. Overview of vitamin D. In: Ross
AC, Taylor CL, Yatkine AL, Del Valle HB (eds.). Dietary reference intakes for
calcium and vitamin D. Institute of Medicine (US) Committee to review
dietary reference intakes for vitamin D and calcium. The National
Academies Collection, National Academies Press: Washington DC; 2011. pp.
75-124.
12. Bourdeau JE, Schwer-Dymerski DA, Stern PH, Langman CB. Calcium and
phosphorus metabolism in chronically vitamin D-deficient laboratory
rabbits. Miner Electrolyte Metab. 1986;12:176–85.
13. Brommage R, Miller SC, Langman CB, Builen R, Smith R, Bourdeau JE. The
effects of chronic vitamin D deficiency on the skeleton in the adult rabbit.
Bone. 1988;9:131–9.
14. Holick MF. Vitamin D: the under appreciated D-lightful hormone that is
important for skeletal and cellular health. CurrOpinEndocrinol Diabetes
Obes. 2002;9:87–98.
15. Holick MF. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers and cardiovascular disease. Am J ClinNutr.
2004;80:1678–88.
16. Bischoff-Ferrari HA, Giovannucci E, Willett WC, Dietrich T, Dawson-Hughes B.
Estimation of optimal serum concentrations of 25-hydroxyvitamin D for
multiple health outcomes. Am J ClinNutr. 2006;84:18–28.
17. Gorham ED, Garland CF, Garland FC, Grant WB, Mohr SB, Lipkin M, Newmark
HL, Giovannucci E, Wei M, Holick MF. Optimal vitamin D status for colorectal
cancer prevention. Am J Prev Med. 2007;32:210–6.
18. Anderson JL, May HT, Horne BD, Bair TL, Hall NL, Carlquist JF, Lappé DL,
Muhlestein JB. Relation of vitamin D deficiency to cardiovascular risk factors,
disease status, and incident events in a general healthcare population. Am J
Cardiol. 2010;106:963–8.
19. Hewison M. Vitamin D and the immune system: new perspectives on an
old theme. EndocrinolMetabClin North Am. 2010;39:365–79.
20. Gandini S, Boniol M, Haukka J, Bymes G, Cox B, Sneyd MJ, Mullie P, Autier P.
Meta-analysis of observational studies of serum 25-hydroxyvitamin D levels
and colorectal, breast and prostate cancer and colorectal adenoma. Int J
Cancer. 2011;128:1414–24.
21. Bozzetto S, Carraro S, Giordano G, Boner A, Baraldi E. Asthma, allergy
and respiratory infections: the vitamin D hypothesis. Allergy. 2012;67:
10–7.
22. Zhu K, Knuiman M, Divitini M, Hung J, Lim EM, Cooke BR, Walsh JP.
Lower serum 25-hydroxyvitamin D is associated with colorectal and
breast cancer, but not overall cancer risk: a 20-year cohort study. Nutr
Res. 2019;67:100–7.
23. Schachter D, Rosen SM. Active transport of Ca45 by the small intestine and
its dependence on vitamin D. Am J Physiol. 1959;196:357–62. .
24. Korn AK, Bauer N, Moritz A, Erhardt G. An update on clinical biochemical
Res of rabbits with special consideration for age, gender, and size. Vet
ClinPathol. 2019;47:233–45.
25. Harcourt-Brown FM. Dietary calcium calculations: the rabbit as an example.
Wiesbaden: Proceedings of the 1st International Conference on Avian,
Herpetological and Exotic Mammal Medicine; 2013. p. 106–8.
26. Luke. Rehutaulukotjaruokintasuositukset. In: Luonnonvara-
jabiotaloudentutkimus 40/2015. Luonnonvarakeskus (Luke): Helsinki; 2015.
27. Müller J, Clauss M, Codron D, Schulz E, Hummer J, Fortelius M, et al. Growth
and wear of incisors and cheek teeth in domestic rabbits
(Oryctolaguscuniculus) fed diets of different abrasiveness. J ExpZool. 2014;
321A:283–98.
28. Bas S, Bas A, Estepa JC, Mayer-Valor R, Rodriguez M, Aguilera-Tejero E.
Parathyroid gland function in the uremic rabbit. DomestAnimEndocrinol.
2004;26:99–110.
29. Bas S, Bas A, López I, Estepa JC, Rodŕiguez M, Aguilera-Tejero E. Nutritional
secondary hyperparathyroidism in rabbits. DomestAnimEndocrinol. 2005;28:
380–90.
30. Cantor T, Yang Z, Caraiani N, Ilamathi E. Lack of comparability of intact
parathyroid hormone measurements among commercial assays for end-
stage renal disease patients: implication for treatment decisions. ClinChem.
2006;52:1771–6.
31. Bai RJ, Cheng XG, Yan D, Qian ZH, Li XM, Qu H, Tian W. Rabbit model of
primary hyperparathyroidism induced by high-phosphate diet.
DomestAnimEndocrinol. 2012;42:20–30.
32. Hanon EA, Sturgeon CM, Lamb EJ. Sampling and storage conditions
influencing the measurement of parathyroid hormone in blood samples: a
systematic review. ClinChem Lab Med. 2013;51:1925–41.
33. Andersen C, S., Hoeck, H.C., Gazerani, P., Vestergaard, P., . The stability of
intact parathyroid hormone in human blood during different sampling
conditions and long-term storage in serum tubes. Bone Abstracts. 2013.
https://doi.org/10.1530/boneabs.1.PP315.
34. Mäkitaipale J, Harcourt-Brown F, Laitinen-Vapaavuori O. Health survey of 167
pet rabbits (Oryctolagus cuniculus) in Finland. Vet Rec. 2015;177:418.
Mäkitaipale et al. BMC Veterinary Research          (2020) 16:403 Page 7 of 8
35. Mäkitaipale J, Sievänen H, Laitinen-Vapaavuori O. Tibial bone density, cross-
sectional geometry and strength in Finnish pet rabbits: a peripheral
quantitative computed tomography study. Vet Rec. 2018;183:382.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Mäkitaipale et al. BMC Veterinary Research          (2020) 16:403 Page 8 of 8
